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Cellular ezrin-radixin-moesin (ERM) family proteins, members of the actin-binding proteins of the band 4.1 superfamity, 
were detected in the virions of enveloped viruses, such as rabies, vesicular stomatitis, Newcastle disease, and influenza 
viruses. To elucidate the mechanism of ERM protein incorporation, we investigated possible association of ERM proteins 
with viral components in rabies virus-infected BHK-21 cells. Double immunofluorescence studies demonstrated that the 
ERM proteins are concentrated in the microvilli, where the colocalized viral G protein was also seen. Viral G protein 
expressed in the G cDNA-transfected COS-7 ceils also displayed similar distributions to those seen in the virus-infected 
cells. Both the ERM and viral envelope proteins were coprecipitated by anti-viral G antibody from lysates of the virus- 
infected cells, while the anti-ERM antibody coprecipitated viral G and ERM proteins. These observations suggest hat the 
ERM proteins are closely associated with viral envelope proteins in the cell, which would be involved in the selective 
incorporation of cellular actin into the virion. © 1995 Academic Press, Inc. 
INTRODUCTION 
Virus replication depends on various kinds of cellular 
functions, including protein synthetic activity, supply of 
nucleotides, endocytotic and lysosomal functions, etc. 
Cytoskeletal components are also suggested to be in- 
volved in the replicative process of many kinds of viruses, 
but their precise roles have not yet been fully understood. 
Many viruses are known to incorporate cellular compo- 
nents into the progeny virion, the sorts and amounts of 
which vary depending on the virus species. Such selec- 
tive incorporation of cellular components into the virion 
may reflect their roles in the viral replicative process. 
Some retroviruses and most negative-stranded RNA 
viruses are known to incorporate cellular actin into the 
virion, which may account for 1 to 2% of the total virion 
proteins (Wang et al., 1976; Damsky et al., 1977; Tyrell 
and Norrby, 1978; Orvell, 1978; Naito and Matsumoto, 
1978). Since most cellular proteins are excluded from the 
mature virion, incorporation of such detectable amounts 
of actin into the virion may be performed rather by certain 
mechanism than a passive one or, in other words, may 
suggest its essential role(s) in the viral replicative pro- 
cess. Along with this consideration, Bohn et al. (1986) 
reported that actin filaments are intimately associated 
with the budding site of some paramyxoviruses. Giuffre 
et aL (1982) showed that the matrix protein (M) of para- 
myxoviruses (Sendal virus and Newcastle disease virus) 
specifically interacts with actin in vitro, although such 
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activity was not shown for the matrix protein of other 
negative-stranded RNA viruses. At present, however, the 
precise role(s) of actin in the viral replicative process 
and the molecular mechanism of actin incorporation into 
the virion are still unclear. 
Since our first report on detection of the cellular com- 
ponents in the rabies virion (Kawai, 1977; Naito and Ma- 
tsumoto, 1978), we have been very interested in their 
possible role(s) in the virus replication process. Rabies 
virus is a typical member of the rhabdovirus family, a 
bullet-shaped virus group of the enveloped negative- 
stranded RNA viruses. Mature virions are composed of 
a genomic RNA and five species of viral proteins; two 
.kinds of envelope proteins, a transmembrane glycopro- 
tein (G; 62-67 kDa) and a nonglycosylated internal matrix 
protein (M2 or M; 24 kDa), the nucleocapsid protein (N; 
54 kDa), one of the viral phosphoproteins, which tightly 
associates with the genomic RNA to form a helical struc- 
ture of nucleocapsid, and subunit proteins of viral RNA 
polymerase, the large protein (L; 190 kDa), and another 
phosphoprotein called M1 or P protein (37/40 kDa). 
As noted above, purified rabies virions additionally 
contain several minor polypeptides, which became visi- 
ble in the SDS-polyacrylamide gel when the Laemmli's 
discontinuous buffer system was used. Some of them 
were tentatively termed p43/42, p73, and pHMW (>200 
kDa) according to their apparent molecular weights (Ka- 
wai, 1977; Naito and Matsumoto, 1978). p42 polypeptide 
was identified as cellular actin (Naito and Matsumoto, 
1978) and p73 as a constitutive type of heat shock protein 
70 (hsc70) from the host cell (Sagara and Kawai, 1992). 
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We also showed that hsc70 was incorporated commonly 
into the virions of many types of negative-stranded RNA 
viruses, such as VSV, NDV, and influenza A virus (Sagara 
and Kawai, 1992). 
In a previous study, we noticed that rabies virions con- 
tain other minor polypeptides, which became clearly visi- 
ble in Coomassie brilliant blue (CBB)-stained SDS-poly- 
acrylamide gels when a larger number of virions were 
applied to the gel. Four of them migrated between the 
bands of G and L proteins (corresponding to 75, 82, 85, 
and 100-130 kDa). We supposed that some of them 
are other cytoskeleton-related components, because it 
seemed reasonable to think that, if actin is involved in 
the viral replication process, the virion must also contain 
other cytoskeleton-associated components which would 
work in collaboration with the actin, unless the free actins 
are passively incorporated into the virion. We further 
supposed that, if this assumption was true, such cy- 
toskeleton-associated proteins in the virion would be the 
ezrin-radixin-moesin (ERM) family of proteins, because 
molecular weights of some unidentified polypeptides 
(75-85 kDa) in the virion resemble those of ERM pro- 
teins. The ERM proteins are members of a newly estab- 
lished family of the highly conserved membrane-cy- 
toskeleton components and are thought to be involved 
in anchoring or connecting the actin filaments to the 
plasma membrane (Funayama et aL, 1991). They are 
found in the microvilli, ruffling membranes, cell-to-cell 
adherens junctions (AJ), cell-to-substrate AJ, cleavage 
furrows, etc. (Gould et aL, 1989; Turunen et al., 1989; 
Tsukita et aL, 1989; Funayama et al., 1991 Lankes and 
Furthmayr, 1991). 
Keeping in mind that the ERM proteins may play a role 
in incorporation of actin into the virion by binding the 
actin filaments to the viral membrane or envelope, we 
examined in this study whether the 75- to 85-kDa minor 
components in the virions are really actin-associated 
ERM family proteins and also examined whether the ERM 
proteins are commonly incorporated into the actin-con- 
taining virions of other enveloped RNA viruses. We fur- 
ther investigated possible association of ERM proteins 
with viral components in infected cells and discussed a 
possible role of the ERM proteins in the viral replicative 
process. 
MATERIALS AND METHODS 
Viruses and cell cultures 
BHK-21 and COS-7 cells were propagated in Eagle's 
MEM supplemented with 5% bovine serum plus 10% 
Tryptose phosphate broth (Difco) and 10% fetal bovine 
serum, respectively. Practically defective interfering parti- 
cle-free virus stocks of the HEP-Flury and ERA strains of 
rabies virus were prepared by a single passage of plaque 
isolates through BHK-21 cell cultures and stored at -70  ° 
until use. The infectivity titer of the virus was assayed by 
plaque formation using agarose-suspended BHK-21 cells 
(Kawai and Takeuchi, 1992). Vesicular stomatitis virus 
(VSV; New Jersey serotype) were grown and assayed 
by plaque formation on BHK-21 cell monolayer cultures. 
Newcastle disease virus (NDV; Miyadera strain) and in- 
fluenza virus (PR8 strain) were the same strains as de- 
scribed previously (Sagara and Kawai, 1992). The PR8 
strain of influenza A virus was obtained from Dr. A. Ishi- 
hama (.National Institute of Genetics, Mishima, Japan). 
NDV and influenza A virus were propagated in chicken 
eggs. 
Virus purification 
Purified virion samples of rabies virus and VSV were 
prepared from culture fluids of the virus infected BHK-21 
cells as described by Kawai (1977). The virions recovered 
from a single band formed in the sucrose density gradi- 
ents were precipitated again by ultracentrifugation and 
resuspended in a small amount of STE buffer (0.15 M 
sodium chloride, 0.01 M Tris-HCI, and 0.001 M EDTA, 
pH 7.4). 
Purified virion samples of NDV and influenza A virus 
were prepared as described previously (Sagara and Ka- 
wai, 1992). In brief, 1000-fold diluted virus stocks were 
inoculated into the chorioallantoic avity of 9-day-old em- 
bryonated chicken eggs. After incubation at 37 ° for 48 hr 
virus samples were collected and clarified by low-speed 
centrifugation. The virus pellets were obtained by ultra- 
centifugation at 68,000 g for 90 min, resuspended in STE, 
and then subjected to two cycles of density gradient 
centrifugation. The first was isopycnic centifugation 
through a 10-45% potassium tartrate gradient at 68,000 
g for 4 hr. Viruses recovered from a single band were 
subjected to the second cycle of ultracentrifugation 
through a 15-40% potassium tartrate at 68,000 g for 4 
hr (NDV) or through a 10-40% sucrose gradient in TSE 
at 62,000 g for 1 hr (influenza virus). Finally, the viruses 
were recovered from the band and concentrated by ultra- 
centrifugation and resuspended in a small amount of STE 
buffer. 
Trypsin digestion of intact rabies virion 
Purified rabies virions (200-#g proteins) were divided 
into two parts, and were incubated in 1 ml phosphate- 
buffered saline (PBS) with or without 0.25% trypsin (Difco 
Trypsin 1=250) at 37 ° for 5 hr. The virions were then 
placed on a 2-ml cushion of 20% sucrose/STE and ultra- 
centrifuged at 100,000 g for 90 rain, and the pellets were 
dissolved in an appropriate buffer. 
Antibodies 
Anti-ERM polyclonal antibody (pAb) was prepared by 
immunizing rabbits with fusion proteins produced by 
Escherichia coi l  by using the mouse radixin cDNA (Tsu- 
kita eta/., 1989; Funayama eta/., 1991). Anti-ERM mouse 
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monoclonal antibody (mAb; CR-22) was prepared as de- 
scribed previously (Sate et aL, 1991). We (Kyoto) also 
prepared mouse mAbs RG719, RN1-7-11, and RM3-9-16, 
which are specific for the rabies antigens G, N, and M2, 
respectively. Norm.al mouse serum was obtained from 2- 
month-old Balb/c mice. 
SDS-PAGE and immunoblotting 
SDS-PAGE was performed by using the Laemmli's 
buffer system (Laemmli, 1970). Proteins were stained by 
Coomassie brilliant blue R-250 (CBB). Immunoblotting 
was performed as described in our previous report (Sa- 
gara and Kawai, 1992). Briefly, polypeptides in the SDS- 
PAGE gel were transferred electrophoretically to a nitro- 
cellulose filter (BA85; Schleicher & Schuell) by a semidry 
method. The filters were first incubated with antibodies 
against the ERM protein or viral antigen and then with 
the peroxidase-conjugated goat antibodies against the 
rabbit or mouse Ig (Cappel). 
Immunoprecipitation 
BHK-21 cells were infected with rabies virus at an 
m.o.i, of 3 PFU per cell. For metabolic labeling, infected 
or mock-infected cells (2.5 x 106 cells in a 6-cm dish) 
were rinsed briefly with methionine-free MEM at 21 hr 
pi and then incubated with 75 #Ci [35S]methionine (35S- 
Label; ARC) in 1.5 ml methionine-free MEM supple- 
mented with 2% bovine serum for 3 hr. The cell sheets 
were rinsed with ice-cold PBS and lysed in RIPA buffer 
[0.1% SDS, 0.5% sodium deoxycholate (DOC), 1% NP-40, 
0.15 M NaCI, 0.05 M Tris-HCI (pH 8.0), 1 mM phenyl 
methyl fluoride, and 25 #g/ml leupeptin] on ice for 10 
min. The cell lysates were clarified by centifugation at 
10,000 g for 20 min, incubated with mouse mAb for 60 
rain, and then mixed with protein G-agarose (ZYMED 
Lab., Inc.) for 30 min. In the case of anti-G mAb (RG- 
719), which was an IgM class antibody, rabbit anti-mouse 
immunoglobulin (Ig) antiserum was also added as a sec- 
ond antibody to recover the immune complex with protein 
G-agarose. The immune complexes were spun down at 
5000 g for 1 min, washed five times with RIPA, and dis- 
solved in a sample buffer for SDS-PAGE. 
Fluorescent antibody staining 
Monolayer cultures of BHK-21 cells, which were pre- 
pared on glass coverslips placed in 3.5-cm dishes, were 
infected with rabies virus at an m.o.i, of 3 PFU/eelI. After 
incubation with Eagle's MEM containing 5% bovine se- 
rum for 24 hr at 36 ° , the cells were washed twice with 
PBS, fixed with 3% paraformaldehyde in PBS for 15 min 
at 4 ° , and then rinsed five times with PBS and soaked in 
PBS containing 2% BSA for 15 min. The cells were stained 
first with anti-G mAb (RG719) for 15 min at room tempera- 
ture and washed with PBS. Then, the cells were perme- 
abilized with 0.2% Triton X-10O and stained with anti-ERM 
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FIG. 1. SDS-PAGE analysis of the rabies virion proteins. (A) Purified 
virions of HEP-Flury and ERA strains were subjected to 10% SDS- 
PAGE and CBB staining. In case of the ERA strain, virions were mock- 
treated or treated with trypsin for 5 hr as described under Materials 
and Methods. Treated virions were recovered by ultracentrifugation 
through a barrier of 20% sucrose solution in STE. Lane 1, HEP strain 
(20 fig protein); lane 2, ERA strain (30 #g protein); lane 3, ERA strain, 
trypsin-treated (30 #g protein). (B) As a control experiment of testing 
the trypsin sensitivity of virion proteins, purified virions (20 #g protein) 
of the HEP strain were mock-treated (lane 1) or treated with trypsin 
alone (lane 2) or in the presence of 0.5% Triton Xq00 (lanes 3 and 4) 
for 5 hr, except for the sample of lane 3 which was treated only for 1 
hr. Then, the treated samples were precipitated with cold 10% trichloro- 
acetic acid. The precipitates were recovered by centrifugation at 10,000 
g for 20 min, rinsed twice with cold acetone, and finally dissolved in 
SDS-PAGE sample buffer. Lane M: marker proteins; phosphorylase b 
(94 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), chymo- 
trypsinogen A (25 kDa), and soybean trypsin inhibitor (21.5 kDa). Sym- 
bols= L, G, N, M~, and M2 are rabies virus proteins. The bands of 75- 
to 85-kDa polypeptides are indicated by arrowheads. 
rabbit Ab for 30 min, which was followed by washing 
three times with PBS and staining with FITO-conjugated 
goat anti-mouse Ig antibody (Cappel) and rhodamine- 
conjugated goat anti-rabbit Ig antibody (Cappel) for 30 min. 
Experiments of G cDNA transfection 
A cDNA clone encoding the G protein of rabies virus 
(HEP strain; Morimoto et al., 1989) was inserted into the 
XhoI -Pst l  site of expression vector pCDM8, the vector 
which allows the foreign gene to be expressed in SV40 
T antigen-positive cells (e.g., COS-7) under control of 
the cytomegalovirus promoter/enhancer (Invitrogen). The 
reconstructed vector was transfected into COS-7 cells 
grown on glass coverslips by a calcium phosphate 
method described by Chen and Okayama (1987). The 
transfected ceils were fixed on the second day with 3% 
paraformaldehyde as described above for immunofluo- 
rescence studies. 
RESULTS 
Minor polylpeptide components in the purified rabies 
virions 
Purified rabies virions contain five major viral proteins 
(L, G, N, M~, and M2), some of which (G, M1, and M2) 
display somewhat different mobilities among the strains 
as shown in Fig. 1A (lanes 1 and 2). Only M~ protein 
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constantly shows heterogeneity, being composed of at 
least three components of different mobilities (i.e., 35, 
37, and 40 kDa as for the HEP-Flury strain). Immunoblot 
analysis with anti-G and M1 monoclonal antibodies dem- 
onstrated many minor bands migrating ahead of each 
major viral protein band, which increased after prolonged 
storage at 4 ° or even at -20  ° , indicating that most of 
such fast-migrating minor bands are degradation prod- 
ucts (data not shown). Even after improvement of the 
storage conditions, several minor bands were visible in 
CBB-stained gels. 
A 42-kDa polypeptide is cellular actin (Naito and Ma- 
tsumoto, 1978) and accounted for about 1.5% of the total 
virion proteins (Figs. 1A and 1B). In addition, a 73-kDa 
polypeptide is a constitutive type of hsp70 (Sagara and 
Kawai, 1992), whose content was about 1% of the virion. 
The band of hsp70 of the ERA virion was concealed by 
an overlapping broad band of G protein (Fig. 1A, lane 2)i 
but became visible after removal of G protein by trypsin 
treatment (Fig. 1A, lane 3). Besides these, we detected 
more mands of minor polypeptides (Figs. 1A and 1B), 
some of which resisted to trypsin digestion (Fig. 1A lane 
3 and Fig. 1B lane 2). All of these virion proteins became 
trypsin-sensitive when the viral envelope was permeabil- 
ized with Triton X-100 (Fig. 1B, lanes 3 and 4), indicating 
that the trypsin-resistant unidentified polypeptides are 
located inside the virion. Among such polypeptides, we 
focused on ones of 75-85 kDa indicated by arrowheads 
in Figs. 1A and lB. Considering the possible mecha- 
nism(s) and role(s) of actin incorporation into the virion, 
we thought that the virion also contained actin-related 
or actin-binding proteins which are required for actin to 
work. As for such proteins, the ezr in-radixin-moesin 
family of proteins were considered as candidates, be- 
cause their molecular weights almost coincided those of 
the three polypeptides of the virion. 
Identification of the 75- to 85-kDa polypeptides in the 
rabies virions 
1 2 3 4 5 6 
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FIG. 2. Immunoblot analysis of the rabies virion proteins. Purified 
virions were mock-treated or treated with trypsin as noted in Fig. 1 and 
applied to 10% SDS-PAGE. After the electrophoresis, samples were 
blotted to a nitrocellulose filter and stained with anti-ERM pAb. Mock- 
infected and rabies virus-infected BHK-21 cells were also subjected to 
the same analysis. Lane 1; mock-infected BHK-21 cells (25/~g protein); 
lane 2, mock-treated rabies virions (HEP strain, 15 fig protein); lane 3, 
trypsin-treated rabies virions (HEP strain, 12 #g protein); lane 4, HEP 
virus-infected BHK-21 cells (25 #g protein); lane 5, mock-treated vidons 
(ERA strain) (15 #g protein); lane 6, trypsin-treated virions (ERA strain, 
12 #g protein). 
study on the rabies virion (Sagara and Kawai, 1992), 
which would correspond to that of ezrin and moesin. We 
could hardly detect, however, the spot of radixin in the 
2-D gel as well as in the CBB-stained SDS-PAGE gel 
(Fig. 1) due to its relatively smaller amount in the virion. 
Next, we compared the content of ERM proteins in the 
host cell and purified virions by the immunoblot method. 
Based on the densities in the CBB-stained gel of ERM 
protein bands (Fig. 2, lanes 1, 2, and 4), we assume that 
total ERM proteins in the virion were enriched approxi- 
mately twice when compared with those in BHK-21 cells 
(see also Discussion). In the cells, moesin was the most 
abundant among the ERM proteins and their relative con- 
tents in the cell did not change after the virus infection 
(Fig. 2, lanes 1 and 4). Interestingly, however, the ratio 
of ezrin to moesin in the virion was higher than that in 
the cell (Fig. 2, lanes 2 and 4). 
At first, antigenicity of the 75- to 85-kDa polypeptides 
in the virion was examined by the immunoblot analysis. 
As shown in Fig. 2 (lanes 2 and 5), they were specifically 
recognized by rabbit anti-ERM antiserum and shown to 
be composed of three components whose estimated mo- 
lecular weights were 75, 82, and 85 kDa. These were 
detected in the virion even after the treatment with trypsin 
(Fig. 2, lanes 3 and 6), but not after the treatment in the 
presence of Triton X-100 (data not shown), suggesting 
that the ERM proteins were internal components of the 
virion. Essentially the same results were obtained by 
using an ERM-specific mAb (CR-22), although the mAb 
seemed to recognize more preferentially the moesin than 
other ERM proteins of BHK-21 cell (data not shown). 
In addition, we could see two distinctive spots in the 
CBB-stained two-dimensional (2-D) gels of our previous 
Association of the ERM and viral envelope proteins in 
the cells 
We next investigated possible interactions between 
the ERM proteins and viral components in the cell. Both 
the mock- and virus-infected BHK-21 cells were metaboli- 
cally labeled with [35S]methionine and then lysed and 
subjected to immunoprecipitation with anti-ERM mAb 
(0R-22). As shown in Fig. 3 (lanes 5 and 6), both the viral 
G and M2 proteins were coprecipitated with the ERM 
proteins, while N protein (a major viral nucleocapsid pro- 
tein) was not recovered in the precipitates. The mAb did 
not cross-react with any of viral proteins in the immu- 
noblot analysis (data not shown). The bands of ezrin 
and radixin were not detected with the mAb, probably 
because of its preferential recognition of moesin than 
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FiG. 3. Immunoprecipitation of the rabies virus-infected and mock- 
infected BHK-21 cell lysates. The mock-infected and rabies virus-in- 
fected BHK-21 cells were metabolicaly labeled with [35S]methionine 
(50 #Ci/ml) for 3 hr at 21 hr after infection and then lysed with RIPA 
buffer and subjected to the immunoprecipitation as described under 
Materials and Methods. Mouse antibodies used ar =anti-rabies G mAb, 
RG71g (lanes 1, 2, and 3); anti-ERM mAb, CR-22 (lanes 4, 5, and 6); 
anti-rabies N mAb, RN1-7-11 (lane 7); and normal mouse Ab (Lanes 8, 
9, and 10). Cell lysate preparations, mock-infected BHK-21 cells (lanes 
1, 4, and 8); rabies virus (HEP strain)-infected BHK-21 cells (lanes 2, 
5, 7, and 9); and rabies virus (ERA strain)-infected BHK-21 cells (lanes 
3, 6, and 10). Arrows indicate the band of moesin. 
ezrin and radixin and because of its more abundant con- 
tent than other ERM proteins in the cell (Fig. 2, lanes 1 
and 4). Both the immunoblot analyses and our previous 
2-D electrophoresis studies (Sagara and Kawai, 1992) 
strongly suggest that a 75-kDa polypeptide seen on lanes 
4, 5, and 6 in Fig. 3 is moesin. 
We checked again the specificity of the coprecipitation 
with mAb 0R-22 by optimizing the condit ions for the pre- 
cipitation. Addit ion of 0.1% SDS to cell- lysing RIPA buffer 
was essential for precipitation of ERM proteins with mAb 
OR-22; omission of SDS from the buffer resulted in failure 
of precipitating the ERM and viral proteins. When per- 
formed under more stringent conditions, e.g., by increas- 
ing the concentration of SDS in RIPA buffer from 0.1% to 
0.5%, both G and M2 proteins were el iminated concomi- 
tantly from the precipitates (data not shown). We suppose 
that the epitope on ERM proteins recognized by the mAb 
was masked or hidden in the complex structures and 
unmasked or exposed by mild SDS treatment. 
As seen in Fig. 3 (lanes 4, 5, and 6; indicated by dot), 
another polypeptide of higher molecular weight  (about 
130 kDa; referred to as p130 in this study) was constantly 
detected in the immunoprecipitates which were obtained 
with the mAb from both the infected and mock-infected 
cells, p130 and ERM proteins were major components 
of the precipitates from the control cells (lane 4). Addi- 
tionally, only p130 was el iminated from the precipitates 
when the concentration of SDS was increased to 0.5%, 
suggesting that p130 was associated with ERM proteins. 
Further studies indicated that p130 is an actin-anchoring 
membrane protein, and its association with the ERM pro- 
teins would mediate the coupling of actin f i laments to the 
membrane. Characterization of p130 wil l  be described 
elsewhere. 
We also tried to coprecipitate ERM proteins with anti- 
G antibodies. Although we could see bands correspond- 
ing to 75- to 80-kDa polypeptides in the precipitates ob- 
tained with anti-G mAb (Fig. 3, lane 2), 2-D gel NEPHGE 
demonstrated that most of such polypeptides were of 
Bip/GRP78, with which the immature or abnormal forms 
of viral G proteins were associated (data not shown). 
Since the cel lular protein synthesis was greatly reduced 
due to the virus-induced shutoff at the time of efficient 
radiolabeling of viral proteins (Kawai and Sagara, unpub- 
lished observations), and only a small part of ERM pro- 
teins would be associated with viral components in the 
cell, detection of radiolabeled cel lular proteins in the in- 
fected cells became quite difficult, except for BiP/GRP78, 
whose production increased after the infection (unpub- 
lished observation). 
Consequently, we changed our method of detection; 
that is, the precipitates obtained with anti-G mAb were 
subjected to the immunoblot analysis, in which the ERM 
proteins were detected with rabbit anti-F_RM antibody 
(Fig. 4). In this experiment, the number of cells used was 
increased up to 5 x 106 and the precipitates were 
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FIG. 4. Coprecipitation of ERM proteins with viral G protein by anti- 
G mAb. BHK-21 cells infected with rabies virus (HEP-Flury or ERA 
strain) as well as the mock-infected cells were lysed with RIPA buffer 
and immunoprecipitated with various kinds of mouse antibodies as 
described under Materials and Methods. All the precipitates obtained 
were then subjected to immunoblot analysis with rabbit anti-ERM pAb. 
A purified rabies virion sample was also included in the immunoblot 
analysis (lane 9) as a marker to indicate the location of the bands of 
ERM proteins. Antibodies used for immunoprecipitation ere, anti-M2 
mAb, RM3-9-16 (lanes 1, 2, and 3); normal mouse serum (lanes 4 and 
5); and anti-G mAb, RG719 (lanes 6, 7, and 8). Cell lysates: lanes 1 and 
6, mock-infected BHK-21 cells; lanes 2, 4, and 7, rabies virus (HEP 
strain)-infected cells; lanes 3, 5, and 8, rabies virus (ERA strain)-infected 
cells. Lane 9, rabies virions. Heavily stained broad bands below the 
ERM protein bands on lanes 4, 5, 6, 7, and 8 are of the heavy chains 
of the rabbit anti-mouse Ig antibody which was used as the second 
antibody for the immunoprecipitation and reacted with the peroxidase- 
conjugated goat anti-rabbit Ig antibody. 
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washed more gently, because we thought that only a 
small portion of ERM proteins in the cells are associated 
with the viral proteins and that the association would be 
weak. After these improvements, ERM proteins became 
detectable in the pre..cipitates obtained with anti-G, but 
not with anti-M2, antibody (Fig. 4, lanes 7 and 8). Results 
shown in Figs. 3 and 4 strongly suggest that G and ERM 
proteins were interacting in the cell. This assumption 
was further examined by immunofluorescence study. 
Immunofluorescence studies on the G and ERM 
antigens in the cells 
Double immunofluorescence studies were performed 
for the mock-infected and virus-infected BHK-21 cells. 
After fixation with paraformaldehyde, the cell surface viral 
antigen was stained with mouse mAb RG719, and then 
the cells were permeabilized with Triton X-100 and 
stained with rabbit anti-ERM antibody. The ERM antigens 
were detected in all cells, and the fluorescence was most 
prominent in the spikes (microvilli) on the surface (Figs. 
5A and 5D). Viral G antigens on the surface displayed 
a colocalized distribution with the ERM antigens in the 
microvilli (Figs. 5A and 5B). No viral antigen was detected 
on the uninfected cells (Fig. 5E), indicating that the anti- 
G mAb did not cross-react with cellular antigens on the 
microvilli. 
These observations were further confirmed by investi- 
gating the G cDNA-transfected cells. Rabies virus G pro- 
tein was expressed in COS-7 cells by using an expres- 
sion vector (pCDM8), and the cells were fixed on Day 2 
and doubly stained with anti-G and anti-ERM antibodies 
as was done for the virus-infected cells. As shown in Fig. 
6, G antigen displayed a colocalized distribution with 
ERM antigens at the microvilli as seen in the infected 
cells, suggesting that viral G proteins on the membrane 
are associated directly or indirectly with the ERM-based 
membrane-cytoskeletal structures. 
Other enveloped viruses 
Finally, we examined whether incorporation of ERM 
proteins into the mature virion is a common phenomenon 
for many enveloped RNA viruses. Purified virions of VSV, 
influenza A virus, and NDV were applied to the SDS- 
PAGE and immunoblot analysis. As shown in Fig. 7B, 
the ERM proteins were detected in every preparation of 
the viruses we tested, although not easily detectable 
in the CBB-stained gel s (Fig. 7A). The contents of ERM 
proteins varied from virus to virus, and the difference 
was remarkable between the two rhabdoviruses (VSV 
and rabies virus), although they were propagated in the 
same cell line (BHK-21). In Fig. 7B, the ezrin and radixin 
did not separate well in the gel. The influenza A virus 
and NDV were grown in embryonated chicken eggs, 
whose ERM proteins displayed different mobilities in the 
SDS-PAGE when compared with those of BHK-21 cells 
(Fig. 7B; lanes 5 and 6). The ERM proteins in NDV virions 
did not show sharp bands in the blot because of a broad 
band of viral hemagglutinin present in large amount and 
locating very near the bands of ERM proteins (Fig. 7B, 
lane 3). 
DISCUSSION 
The ERM family members of actin-binding proteins are 
incorporated into the virions of sevei~al negative-stranded 
RNA viruses, including rabies virus, VSV, NDV, and influ- 
enza A virus, although the content was quite variable 
depending on the virus species. As for the rabies virion, 
the ERM proteins in the virion were roughly 0.5-0.7% of 
the protein content as estimated from the density of ERM 
protein bands in the CBB-stained gel (Fig. 1) by compar- 
ing with that of actin and hsp70 (actin and hsp70 ac- 
counted for 1.5 and 1% of the total virion proteins, respec- 
tively; Sagara and Kawai, 1992). On the basis of the aver- 
aged molecular weight of ERM proteins, the molecular 
ratio of actin to ERM proteins was calculated to be 3 to 
4=1 in the virion. When compared with the content of viral 
G protein (62 kDa; about 32% in the virion), the molecular 
ratio of G to ERM proteins in the virion was about 60=1. 
Since a single virion contains about 1800 G protein mole- 
cules (unpublished data), we can calculate that the ra- 
bies virus contains about 30 ERM protein molecules per 
virion. 
The content of ERM proteins in the cell was estimated 
by comparing the density of the bands on the immu- 
noblots prepared for the proteins in the virions and BHK- 
21 cells (Fig. 2); the ERM proteins in the virion accounted 
for approximately twice of those in the cell. Since the 
content of actin in the virion and the cell was about 1.5% 
and 6 to 7.5%, respectively, the molar ratio of actin to 
ERM proteins in the cell was 30 to 40,1, being about 10 
times higher than in the virion. Accordingly, it is sug- 
gested that there must be a certain mechanism involved 
in apparently selective incorporation of ERM proteins into 
the virion. With this consideration in mind, we recall that 
ezrin was incorporated more preferentially than moesin 
and radixin into the virion (Fig. 3). In addition, the molecu- 
lar ratio of G protein-associated ezrin, radixin, and moe- 
sin in the cell (i.e., ERM proteins which were coprecipi- 
tated with anti-G antibody from the cell lysates) resem- 
bled that of the three proteins in the virion, but not in the 
whole cell lysates (Figs. 3 and 4). These observations 
may reflect the functional association between the ERM 
proteins and viral proteins and may also provide a key 
to elucidate the functional difference of the three ERM 
proteins. 
The ERM family is now established to be a member 
of the band 4.1 "superfamily" which are known to work 
as a connecting factor between the actin filament and 
plasma membrane (Sato etaL, 1991). The band 4.1 pro- 
teins of erythrocyte are known to form a complex with 
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FIG. 5. Immunofluorescence studies on the distribution of viral G and cellular ERM antigens in the cell. BHK-21 cell monolayers prepared on 
ceverslips were mock-infected or infected with rabies virus (HEP strain) at an M.O.I. of 3 PFU/celI. At 24 hr of infection, the cells were fixed with 
3% paraformaldehyde and stained with anti-G mAb. Then, the cells were permeabilized by treatment with Triton X-100 and stained with antFERM 
rabbit antibody. Specimens were finally stained with both the rhodamine-conjugated goat anti-mouse tg Ab and FITC-conjugated goat anti-rabbit 
Ig Ab. Antibody staining= A and D, anti-ERM rabbit antibody (FITC); B and E, antFG mAb, RG719 (rhodamine). C and F, phase-contrast images. A, 
B, and C are of the same microscopic field of rabies virus-infected cells, and D, E, and F are of the same field of mock-infected cells. Some flat 
cells in A are out of focus and seem to display no fluorescence, but they were fluorescence-positive, and other less flat cells were focused in this 
field. Bar, 20 #m. 
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FiG. 6. Colocalization of viral G and ERM proteins in the microvilli. By using a G cDNA clone of the rabies virus HEP strain, viral G protein was 
expressed in COS-7 cells with an expression vector pCDM8 (see Materials and Methods). The cells were fixed on Day 2 with 3% paraformaldehyde 
and stained doubly with anti-G and anti-ERM antibodies as described under Materials and Methods. Photos are taken from the same field of a 
representative specimen. Anti-ERM antibody stained the microvilli of all the ceils in a (A), but the viral G antigen was expressed only in one of 
them (B). Bar, 10 tim. 
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FIG. 7. Detection of ERM proteins in other enveloped RNA virions. 
VSV was propagated in BHK-21 cells, while NDV and influenza A virus 
were grown in embryonated chicken eggs. Virions were purified as 
described under Materials and Methods. Whole cell lysates of BHK - 
21 and chick embryo fibroblasts (secondary culture; CEF) were also 
prepared. The same amount (15 #g) of virion proteins and whole celt 
lysates was subjected to 10% SDS-PAGE, which was followed by OBB 
staining or immunoblot analysis with anti-ERM pAb. (A) OBB-staining= 
lane 1, rabies virus (HEP strain); lane 2, VSV (New Jersey serotype); 
lane 3, NDV (Miyadera strain); lane 4, influenza A virus (PR8 strain). 
(B) Immunoblot analysis, lanes 1 to 4 are the same as noted for (A), 
Jane 5, BHK-21 cells; lane 6, CEF. 
actin, spectrin, and glycophorin (Anderson and Lovrien, 
1984; Bennett, 1989). Radixin is also shown to bind di- 
rectly to the barbed end of actin filament (Tsukita et al., 
1989), and all members of the ERM family are believed 
to associate with actin filaments based on their highly 
homologous amino acid sequences, although direct as- 
sociation of ezrin and moesin with actin has not yet been 
demonstrated. Concerning the ERM proteins to be inte- 
grated in the membrane-cytoskeleton complex, we ex- 
amined whether the ERM proteins are enriched in the 
membrane fraction. The fraction was obtained as follows= 
BHK-21 cells were suspended in a hypotonic solution 
(10 mM NaCI, 1.5 mM MgCI2, 10 mM Tris-HCI, pH 7.4, 
1 mM PMSF, and 25 #g/ml leupeptin) and disrupted in 
a Dounce homogenizer. After addition of sucrose at a 
final concentration of 10%, they were fractionated by ul- 
tracentrifugation at 100,000 g. Two-thirds or more of the 
ERIVI proteins, however, were found in the supernatant 
as judged by the immunoblot analysis (unpublished ob- 
servation). We think that the ERM proteins were dis- 
lodged from the cell membrane during the cell-disrupting 
or fractionating process. Accordingly, we could not so 
far show the enrichment of ERM proteins in the mem- 
branes by conventional fractionation procedures. 
Viral envelope proteins were coprecipitated with the 
ERM proteins from the infected cell lysates by anti-ERM 
mAb CR-22 (Fig. 3), while the anti-G mAb coprecipitated 
the ERM proteins with the viral G protein (Fig. 4), sug- 
gesting that a portion of ERM proteins are associated 
directly or indirectly with the viral G proteins in the cell. 
This assumption was supported by immunofluorescence 
studies, which revealed a colocalized distribution of G 
and ERM proteins at the microvilli. Taking these observa- 
tions and the actin-binding activity of ERM family proteins 
into consideration, we assume that direct or indirect as- 
sociation between the viral envelope proteins and ERM 
proteins in the cell would play a major role in the incorpo- 
ration of ERM proteins and actin into the virion. At pres- 
ent, however, we cannot completely exclude the possibil- 
ity that actin incorporation is mediated by the viral matrix 
protein, since G iuffre eta/. (1982) reported that the matrix 
proteins of other negative-stranded viruses (i.e., NDV and 
Sendal virus) displayed actin-binding activity. 
As tothe mechanism of association between the ERM 
proteins and the viral envelope protein, at least three 
models can be depicted (Fig. 8). Viral G proteins are 
present in a trimer form in the virion (Gaudin eta/., 1992), 
and the G protein trimers are thought to be present on 
the cell membrane. Model 1 shows a simple direct asso- 
ciation between the ERM proteins and the viral G protein 
trimer on the cell membrane. But, we would rather depict 
other models of indirect association, which may be medi- 
ated by a cellular 130-kDa polypeptide (p130), a pre- 
sumed factor responsible for binding the actin-ERM 
complex to the cell membrane, p130 may associated 
laterally with a G protein trimer (model 2) or incorporated 
occasionally into the trimer in place of a G protein mole- 
cule (model 3). p130 is a membrane glycoprotein and 
was constantly shown to be associated with the ERM 
proteins in the cell, regardless of the virus infection (Fig. 
3). In addition, p130 in the cell and the virion-associated 
130-kDa polypeptide seem to be the same, which was 
evidenced by their specific reactivity with an mAb (No. 
30189) that was prepared against the virion-associated 
130-kDa peptide (identification and characterization of 
p130 will be described elsewhere). Further studies are 
necessary to determine which model is the case. 
Although extensive studies have been done on the 
ieplicative process of many enveloped viruses, the mech- 
anisms of virion formation by budding process are still 
unclear, as is the role(s) of cytoskeletons in the viral 
replication process (Pal and Wanger, 1987). Finding of 
the intimate association between the ERM proteins and 
viral G protein led us to think about he possible role(s) 
of the cytoskeleton in the virus replication process. The 
G protein trimer Models 
(with M2 proteins) /- \ 
j (1) (2) (3) 
~x~ / Liil~e r
Actin-ERM complex 
FiG. 8. Schematic models of association between the viral envelope 
proteins and cellular actin-ERM complex. Model 1 shows direct associ- 
ation of ERM proteins with a viral G protein trimer, while models 2 and 
3 show indirect association which is mediated by a cellular protein 
(e.g., p130; see the text). 
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association may possibly be involved in transportation 
of viral G protein to the cell surface and/or in sorting on 
the cell surface, and most of the ERM-G protein com- 
plexes would dissociate after completion of such events. 
We can also think tha.t the association occasionally per- 
sists until the completion of virion formation on the cell 
surface, where the actin-ERM complex may play some 
roles during the budding process. This assumption led 
us to find some evidence for the involvement of the cy- 
toskeleton in the virion formation. We applied an immu- 
nogold labeling method to the negative staining of the 
rabies virion. Our results obtained so far indicate that 
the ERM antigens do not display uniform distribution in 
the virion, but seemed to be localized mostly near the 
flat (tail) end, and in part near the round head, of the 
bullet-shaped structure, implying a certain role of the 
actin-ERM protein complex in virion formation by the 
budding process. Further studies are necessary to define 
the possible role(s) of the cytoskeleton in the replication 
process of the enveloped viruses. 
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